In recent years many sophisticated models for discharge capacity of compound channels with vegetation have been developed. Despite the mature state of knowledge in this field, in a practice the simplest methods prevail and most of hydraulic models are based on the Manning formula. One of the reasons is that more complex methods require detailed characteristics on vegetation. The present study demonstrates that this issue can be solved by treating all such necessary variables as parameters to be identified in a sense of an inverse problem, using techniques of optimization. With a flume experiment as a case study, four models of a uniform flow were identified: Pasche, Mertens as complex methods, divided channel method (DCM) with Manning and Darcy-Weisbach equations as techniques used in a practice. Results showed that parameters for all methods can be found on the basis of minimization of model residuals, with the restriction that because of the larger number of parameters in complex methods, more observations are required. Methods of Pasche and Mertens with identified parameters provided a much better explanation of water depths than the Manning or Darcy-Weisbach based on the DCM. It is surprising that significant discrepancies between identified parameters and their real measured values were recorded. Even more, an almost perfect fit was obtained for different parameter sets.
INTRODUCTION
Modeling of an open-channel capacity is one of the fundamental problems in hydraulics. Natural channels like rivers are usually characterized by a compound cross section. It consists of different flow zones, among which a main channel and floodplains can be distinguished. The open-channel flow is by its nature three-dimensional but because of practical purposes usually a one-dimensional approximation is used. Such a simplification requires a parameterization of these flow terms which do not fulfill this assumption.
One of these terms is the flow resistance of vegetation. The process is very complex, involving plant and stream interactions and various studies have showed its importance for the channel discharge capacity. As an example, Fread (1989) demonstrated strong dependence of the flow resistance in vegetated channels on flow rate for various rivers. Kiczko et al. (2013) -2017-0020 (2016) considered this dependency as a main source of the uncertainty in the flood mapping. Therefore, many researchers investigated the methods that would provide an explanation of the flow through the vegetated sections of the compound channel. The well-known method was developed by Pasche (Pasche and Rouvé 1985) , which is especially popular in Germany, were it is used in channel design assignments. The methodology is based on the detailed physical description of the flow in the vegetated areas of the channel, explaining the interactions between streams in vegetated floodplains and the main channel. The model is however limited to unsubmerged vegetation, which geometric properties can be approximated with rigid cylinders. In the original form the Pasche method consists of several implicit equations making it hard to implement and to improve its practical applicability, Mertens (1989) proposed a simplified version.
Recent efforts in the modeling of the compound channels aim at developing methods for submerged and nonstiff vegetation (Västilä et al. 2013 , Jalonen and Järvelä 2014 , Västilä and Järvelä 2017 . It becomes possible to establish a link between plant properties like spacing, leaf coverage and a drag of the vegetated zone. An interesting approach could be a combination of the detailed model of a compound cross section, given with Shiono and Knight (1991) method with an additional term for the vegetation drag (Kozioł et al. 2016) .
Today the methodology for the discharge capacity of the vegetated channels is well developed. It might be, however, surprising that advanced methods, like those aforementioned, are rarely used in practice. In most of practical applications the hydraulic resistance is modeled on the basis of the Manning or Darcy--Weisbach formula. The vegetated zones are being characterized using usually a single value of a roughness coefficient, respectively Manning coefficient (n) or the roughness height (k). Case studies which account for roughness and water stage dependency are rather exceptional, even that most popular hydraulic models, like MIKE 11, are able to include it.
Two reasons could be pointed out, which explain such a conservative approach of flow modelers. First of all, it has to be noticed, that all complex methods for flow in vegetated channels require detailed data on vegetation properties, like density, spacing, shape or species, leaf characteristic and so on. In a practical case, where the model is developed for river reaches long for tens of kilometers such information is simply missing. If there is no data on vegetation characteristics, the use of a single value of the roughness coefficient n or k for the flow area seems to be a reasonable solution. The second, also an important argument for simpler parametrization is that roughness parameters are being often used beyond their physical interpretation, as "catch all parameters". Such parameters explain other components of the real system better than physical resistance. Higher or lower values of the Manning coefficient could be used for river reaches which geometric complexity is not well reflected by geometric data, because of insufficient spacing of cross sections. The extreme example is the use of very high values of roughness for step-pool channels to describe mul-tiple sub-supercritical flow transitions (Reid and Hickin 2008) .
This study deals with the first of aforementioned arguments against specialized methods for flow in vegetated channels in practical applications. It appears that detailed data on vegetation is not necessary to apply these methods. The conclusion is supported by numerical experiments performed for the flume data, where it was possible to apply Pasche and Mertens methods without prior knowledge on vegetation characteristics. The necessary plant parameters were obtained on the basis of an inverse problem, with values being established by minimizing the difference between computed and calculated water level. This required to investigate the problem of ill-posedness of parameter identification task that arises when number of observation data points is insufficient to find unique values of parameters. Conditioning the parameter identification on water level instead of discharges was intended to make the problem more similar to practical cases, like flood assessments, where a model outcome is usually the water level.
The accuracy of Pasche and Mertens models, with respect to a number observation data points used in the parameter identification, is compared with Manning and Darcy-Weisbach formulae used along with divided channel method -DCM (Chow 1959).
MATERIAL AND METHODS
The study accounts for water levels calculations for the compound channel with vegetated floodplains. The channel discharge capacity was modeled using four methods: Pasche, Mertens, DCM with Manning and Darcy-Weisbach formulae. As flume data was used, obtained for controlled flow conditions, it was possible to apply these methods in a simple steady and uniform model of the compound channel.
Pasche and Mertens methods
Pasche (1985) method for the discharge capacity of the compound cross section with vegetation was derived for the steady flow conditions. Like in the DCM, the flow field is divided into regions dominated by bottom, vegetation roughness -main channel and floodplains respectively, for the cross section of a regular compound channel. Additionally, the transition region, between these two is also distinguished. The interaction between vegetated and unvegetated regions are modeled using an imaginary rough wall. For each flow zone the resistance is described in terms of Darcy-Weisbach equation.
The method consists of a set of semi--empirical equations for Darcy-Weisbach friction coefficients for each zone and an imaginary wall at the interface between vegetation and bottom dominant roughness. Moreover, the width of the transition region, usually between the main channel and floodplain streams has to be estimated. The methodology provides an explanation of the width of such a region in the vegetated area (floodplain), affected by a stream of a higher velocity in the unvegetated channel (main channel). There is no, however, a general expression for the width of the interaction zone in the main channel and its span has to established for each case.
The stream velocity and roughness coefficients are interrelated and formulae in Pasche method have an implicit form that requires iterative methods to solve. As a result of it the Pasche method is computationally demanding. To improve its applicability and numerical efficiency the method was simplified by Mertens (1989) . In this approach, the general concept is maintained, however less significant coefficients, were fixed here, that allowed Mertens to reduce a number of terms requiring iterative solving.
In Pasche and Mertens methods, the roughness of the vegetated cross section is characterized using plant properties, surface roughness and the extent of the interaction zone in the main channel. For the analyzed compound cross section with two symmetric floodplains, the following values were necessary: a x , a y -longitudinal and horizontal steam spacing; d p -steam averaged diameter; k f , k c -roughness height of the floodplain and the main channel bed; b III /B c -ratio of the interaction region width (b III ) in the main channel to the main channel width (B c ).
Divided channel method with Manning and Darcy-Weisbach formulae
The complex methods of Pasche or Mertens are being compared with the most widely used methodology of Manning formula with the divided channel method. In addition, the DCM with Darcy-Weisbach equation was also applied, as the alternative method in many hydraulic models.
In the DCM approach, the flow cross section is divided in flow zones of similar hydraulic conditions, like: the main channel and floodplain. The stream interactions between the zones of a significantly different mean velocity are reproduced with the rough imaginary wall, applied to a zone with a higher velocity, i.e. the main channel. In the present study, the roughness of the interface was the same as the roughness of the real walls next to the interface.
The analyzed channel was characterized using two values of the Manning coefficients (n c and n f ) for the main channel and floodplains. In the case of Darcy-Weisbach formula, the values of the hydraulic roughness were used: k f and k c .
Parameter identification
It was assumed that for the identification of model parameters only information on flow rates and water levels was available. All values, necessary to describe roughness, were considered as the model parameters, even if their true values were known in the experimental data. In this way, the values that characterize the physical properties of the channel, like surface roughness, vegetation physical properties, spacing, width (provided later with "hat" symbol) were treated in the same way as the Manning roughness coefficient for the whole flow section. Therefore, in Pasche and Mertens approaches it was necessary to identify six parameters (ˆˆ, , , , To make the analysis similar to practical tasks, where usually the flow model is solved for the water levels, calculations were also performed with respect to their values. As the considered methods are defined for the channel discharge, water levels were calculated by minimization of the difference between the given and computed flow rate. The identification of parameters θ was done by minimizing the sum of model residuals for output water levels Ĥ , with respect to n observations H:
The minimization was done on the basis of the Monte Carlo sampling method (Niederreiter 1992) . The number of simulation was obtained by errors and trials to ensure that the best solution was found. For DCM approaches 10,000 samples were used, while for Pasche and Mertens methods 40,000.
Flume data
The study was based on the flume data, previously exploit in various studies of the WULS-SGGW Hydraulic Department (Kozioł 2011 (Kozioł , 2013 Kozioł et al. 2016) . The model consisted of the straight 16-meter long channel with the compound trapezoidal cross section, which is 2.10-meter wide (Fig. 1) . In the analyzed experimental case, the main channel walls were made of smooth concrete with the estimated roughness height k s = 5·10 -5 m. Floodplains roughness was much higher with k f = 1·10 -2 m, modeled using a layer of terrazzo concrete of the Experiments were performed for steady and uniform flow conditions. Water surface was kept parallel to the bed using a weir localized at the flume outflow. Water discharge was measured using circular overfall and water levels were recorded in the middle of the channel. The data set used in the present experiment consisted of 10 discharge and water level observations within the range of: 0.037-0.060 m 3 /s and 0.2-0.3 m, respectively.
RESULTS AND DISCUSSION
To address the research goal, model parameters were identified on the basis of Eq. 1 for a different number of observation points. Having the set of 10 observed values of a discharge and water level, parameters were identified for n = 1, …, 10. Here, however, it was necessary to face the problem of many possible combinations of observation points, that could be used in the task. For example, for 2 observations selected from the 10 element set, there is 45 possible combinations. As it is later discussed the choice of observation points is significant for the model's overall fit. Therefore, it was decided to analyze all possible combinations in the parameter identification. The total number of all possible combinations for n = 1, …, 10 is 2 N = 1,024. The optimization problem, stated with Eq. 1 for all combinations of varying numbers of observations was solved using the Monte Carlo technique. This allowed simplifying the computations, as the random sampling of parameters was done only once and 2 N required solutions were obtained as these with the smallest sum of residuals for given n. For each method parameters were sampled with a pseudorandom number generator in presumed ranges (Table 1) .
Figure 2 presents box-plots of an overall coefficient of determination (R 2 ), calculated for all N observations, for identified models with respect to n. The variation of the R 2 results from different performance of models obtained for specific combination of observations. For low values of n it shows the significance of the data used in parameters identification. Of course, it is unsurprising that two extreme observations could provide much more information on the functional dependency than several but clustered values.
The more important in Figure 2 be observed for n > 2, while for Pasche and Mertens methods n > 6. The good explanation of the uniqueness problem provides Figure 3 . It shows the discharge curve for the Manning based on the DCM, where parameters were identified using single point observation data: the lowest (Fig. 3a) and the highest (3b) flow rate. In both cases, the identification was successful, providing perfect fit to the data point used to estimate parameters. However, obtained models are miserable in reproducing other water levels. The necessary number of data point to avoid the uniqueness of the parameter identification is clearly a significant drawback of the more complex methods. The required data set for the very simple calculations for a single cross section is three times bigger for Pasche and Mertens than DCMs. The undeniable advantage of the more complex methods is a much more accurate description of the process, with a sufficient number of observations. This can be seen in R 2 for n > 6 in Figure 2 and discharge curves calculated for 50% and a full set of observations and, as shown in Figures 4 and 5 , respectively. Figure 4 was obtained for models identified using 50% of an observation set. This simulates the common practical task, where a model is being conditioned for several past flood events and then used for events of a higher magnitude i.e. design flows. In the case of Pasche and Mertens methods, the extrapolated discharge curve almost perfectly follows the observations (Figs. 4a and 4b) . The fit is noticeable worse for Manning and Darcy-Weisbach DCMs (Figs. 4c and 4d) and as it is showed in Figure 5 these methods are insufficient to reproduce the flow in a vegetated channel in the same manner as Pasche and Mertens methods.
It is important to comment on the relatively poor fit for the Darcy-Weisbach formula (Figs. 2 and 4d) . It results from strict bounds on the roughness coefficients, which values were limited to the minimum water depth in the main (Table 1) . Numerical experiments revealed that much better representation (overall R 2 > 0.9) of water levels can be found beyound this range. It can be easily explained, as the Darcy-Weisbach formula accounts for wall friction and when used to describe resistance caused by vegetation it loses its strigtforward physical interpretation. This is a cause of non-physical values of the roughness height. At this point it can be noted, that the advantage of the Manning formula comes with a much more difficult physical interpretation of its parameters (Manning roughness coefficients).
In Figures 4 and 5 the discharge curves for the Pasche and Mertens methods obtained for identified models (solid lines) are provided along with curves calculated using parameters derived Table 2 provides parameter values for Pasche and Mertens methods, obtained on the basis of minimization of Eq. 1. Results for the 50% and full observation sets are given all together with real measured values of these parameters. It can be noticed, as it was mentioned before, that parameters estimated in the inverse problem do not agree with their real physical values. Even more, parameters for these two different observation sets are different, although in both cases the overall coefficient of the determination, calculated for the whole data set is almost R 2 ≈ 1. It means that almost perfect representation of the process was obtained for different parameter sets. This finding agrees with a general conclusion of Beven and Binley (1992) , who argued that for an overparameterized model of an environmental process, there might be no unique parameter set that provides a satisfactory fit to the observations. It appears that relatively simple models of uniform channel flow, but with a relatively large number of parameters should be considered as overparameterized.
CONCLUSIONS
The study investigate the applicability of complex methods for the discharge capacity of the compound channel with vegetation, in the case when characteristic of vegetation is unknown. Considering a model input describing plant properties, like spacing, stem diameter, etc. as parameters it was possible to establish these values in terms of the inverse problem. This emphasizes the issues of the required size of the observation data set and the interpretation of the parameter values.
The more complex methods, with more parameters require larger data sets. For the presented simple uniform model, Pasche and Mertens methods required six observation points, while DCM just two. It can be expected, that for more general models (non-uniform and unsteady) this discrepancy in the size of the date set will by much larger. The complex methods are much more accurate, providing for the analyzed flume data almost perfect fit (with R 2 ≈1), where DCM were having noticeable worse fit.
The analysis showed, however, that parameter of complex methods, obtained by minimization of model residuals are not the same as these derived by direct measurements of flume and vegetation properties. This suggests that their physical interpretation is far from being perfect, but also that model performance can be significantly improved, when parameters are being identified, rather than measured. On the other hand, the study proves the general conclusion of Beven and Binley (1992) of many possible parameter sets that lead to a sufficient solution. Surprisingly, it applies to the simple models of a uniform channel flow. Therefore, for methods more complex than DCM with Manning formula it seems to be reasonable to apply methods that accounts for such a variation of possible results.
With sufficient observation for identification of model parameters, the more complex methods for the flow in the compound channel with vegetation seems to be an interesting option that allows improving the accuracy of predictions of the water levels. Their parameters can be identified on the basis of an inverse problem, however still several issues should be investigated. For example, it is unclear, what would be the outcome of complex methods, if their parameters were used in the same manner as i.e. Manning coefficients, as "catch all parameters" -outside their physical interpretation. The study shows that for the flume data such a solution might be satisfactory, but it does not apply in real cases.
